Constitutive activation of one or more kinase signaling pathways is a hallmark of many cancers. Here we extend the previously described mass spectrometry-based KAYAK approach by monitoring kinase activities from multiple signaling pathways simultaneously. This improved single-reaction strategy, which quantifies the phosphorylation of 90 synthetic peptides in a single mass spectrometry run, is compatible with nanogram to microgram amounts of cell lysate. Furthermore, the approach enhances kinase monospecificity through substrate competition effects, faithfully reporting the signatures of many signaling pathways after mitogen stimulation or of basal pathway activation differences across a panel of well-studied cancer cell lines. Hierarchical clustering of activities from related experiments groups peptides phosphorylated by similar kinases together and, when combined with pathway alteration using pharmacological inhibitors, distinguishes underlying differences in potency, off-target effects and genetic backgrounds. Finally, we introduce a strategy to identify the kinase, and even associated protein complex members, responsible for phosphorylation events of interest. 
A r t i c l e s
Most cellular signaling pathways are regulated by post-translational modification of proteins, with phosphorylation being among the most prominent. Overexpression or constitutive activation of a receptor tyrosine kinase (RTK) is often a transformative event in oncogenesis 1, 2 . In addition, RTK-independent activation of the phosphatidylinositol 3-kinase (PI3K) pathway (e.g., by loss of phosphatase and tensin homolog (PTEN) protein function) and mitogen-activated protein kinase (MAPK) pathway (e.g., by gain of K-Ras function) are two of the most frequently observed causes of human malignancy. With several approved small molecule kinase inhibitors and >200 others in development, rapid and accurate assessment of the activation states of oncogenic kinase pathways in different tumors will be crucial to making appropriate therapy decisions in personalized medicine.
Most strategies to infer kinase activities involve using phosphospecific antibodies to monitor phosphorylation of specific residues in protein kinases or their substrates. Although phosphorylation at a particular site provides a helpful surrogate for the kinase activation state, it is only an indirect measurement of kinase activity. Such methods are thus often viewed as qualitative or, at best, semiquantitative. On the other hand, strategies designed to measure direct phosphorylation rates include arrays of ~1,000 peptides on glass slides 3, 4 , a multiplexed kinase assay to simultaneously measure four kinase activities 5 and a solution-phase phosphorylation reaction with 900 peptideoligonucleotide substrates 6 . However, most array-based approaches are unable to resolve the actual site of substrate phosphorylation, which is important for minimizing off-target events. Moreover, use of unpurified peptides reduces the confidence in quantification accuracy. Therefore, highly quantitative and direct measurement methods that simultaneously report activities of many phosphorylation pathways are still needed to address the diverse clinical manifestations of signaling in cancer and to choose optimal treatments.
Due to its specificity and precise quantitative nature, mass spectrometry (MS) represents an ideal platform to quantify products formed from enzymatic reactions 7, 8 . Recently, we presented the KAYAK (kinase activity assay for kinome profiling) method 9 for the multiplexed measurement of 90 different peptide phosphorylation rates from cell lysates. In this approach, each peptide, which carries a known phosphorylation site, is phosphorylated separately in a 96-well plate format. Otherwise identical stable isotope-labeled phosphopeptides are then added to provide absolute quantification of site-specific phosphorylation rates during liquid chromatography (LC)-MS analysis. The reliance on 90 separate kinase reactions makes consumption of substantial amounts of lysate a limitation of this assay. Moreover, it provides limited knowledge of kinase-peptide specificities.
Here we improve this methodology to enhance throughput and multiplicity by assessing phosphorylation rates for all 90 of the same peptides used previously (ref. 9 ) in a single reaction. The modified KAYAK strategy faithfully reports the activation of cellular signaling pathways including mitogen stimulation of HEK-293 and HeLa
We benchmarked assay performance using lysate from a transformed human epithelial cell line (HEK-293) after insulin stimulation (Fig. 2a) . The sensitivity of each peptide was assessed using lysate amounts varying from 1 ng to 20 µg. Phosphorylation of at least half of the library was measureable with site-specific phosphorylation of >50 fmol using 10 or 20 µg of lysate. Notably, eight peptides were phosphorylated from 10 ng lysate, which corresponds to ~20 cells, and two exceptional peptides were phosphorylated using only 1 ng lysate ( Supplementary  Fig. 2b ). Most importantly, the vast majority of peptides (88%, 43 peptides among 49 peptides detected at more than one concentration) demonstrated a linear response to lysate amount (r > 0.9), suggesting that lysate amount (or sample dilution) is not a limiting factor in kinase activity measurements ( Fig. 2b and Supplementary Fig. 2a ). We next found excellent assay reproducibility across five dishes of HEK-293 cells and across three insulin stimulation experiments ( Supplementary  Figs. 3 and 4 and Supplementary Note).
When we used lysates from cells before and after insulin stimulation to compare this improved KAYAK single-reaction strategy with the earlier strategy of performing 90 individual kinase reactions in a plate format under identical conditions, we observed excellent agreement between both reaction strategies (Fig. 2c) . Only three peptides (A3, E11 and F6) showed reproducibly greater phosphorylation in response to insulin stimulation. Performing the assay in a single reaction resulted in more robust changes for each peptide compared to the individual reaction method, likely because competitive effects widened the gap between the best and alternative kinase substrates 13 . Likewise, use of single-reaction KAYAK to profile epidermal growth factor (EGF) stimulation in HeLa cells demonstrated advantages over the individual reaction method, which we also attribute to competition effects (Supplementary Fig. 5 ).
Insulin and EGF treatment show distinct activity profiles
To distinguish basal cellular kinase activity from stimulated states, we compared kinase activities from serum-starved HeLa and Figure 1 Workflow for a single-reaction, 90-substrate in vitro kinase assay. Synthetic substrate peptides are pooled and incubated with cell lysate. After kinase reactions are quenched, stable isotope-labeled phosphopeptides (internal standards; heavy label on italicized proline) of identical sequence to substrate peptides are added at a known concentration. Phosphorylated substrate peptides and internal standard phosphopeptides are enriched using immobilized metal-ion affinity chromatography and analyzed by LC-MS techniques. Pairs of light (product) and heavy (internal standard) peptides co-elute perfectly, but because they differ in mass by 6 Da, can be quantified by direct ratio of light-to-heavy areas under the curve from high-resolution data. Each assay produces 90 activity measurements in core signaling pathways.
A r t i c l e s HEK-293 cells treated with insulin, EGF or phorbol 12-myristate 13-acetate (PMA) using the same 90 peptides used previously 9 ( Fig. 3) . After hierarchical clustering of the normalized activities, peptides preferentially phosphorylated by a particular kinase in an in vitro assay using purified enzyme (Supplementary Fig. 1 ) clustered together. Compared to HeLa cells, HEK-293 cells were twice as responsive to insulin stimulation as measured by the A3 peptide (Fig. 3b) , a highly selective substrate of Akt 14 . This was confirmed by western blot analysis (Fig. 3c) . In addition, the E11 peptide, which has a 90-kDa ribosomal S6 kinase (RSK) phosphorylation motif 15 and is preferably phosphorylated by purified RSK1 enzyme ( Supplementary  Fig. 1 ), displayed greater phosphorylation after activation of Ras/ MAPK pathway by EGF or PMA treatment (Fig. 3b) . Again, this is consistent with western blot analysis ( Fig. 3c; and Supplementary Notes for a detailed discussion of E11 specificity). As the KAYAK methodology measures the absolute amount of phosphorylated peptides, the observed difference in basal kinase activities between HEK-293 and HeLa cells toward the E11 peptide likely reflects differences in kinase activity states, which we also observed using western blotting. Overall, although the basal levels and fold changes in kinase activities were often different in these two cell lines, the direction of change for each peptide in response to each stimulus was consistent ( Supplementary  Fig. 6 ), highlighting conserved signaling pathways.
Basal kinase activity profiles of 11 human cell lines
Baseline profiling of kinase activation state can identify aberrantly activated pathways and cellular processes. To identify unique signatures, we profiled kinase activities from 11 human cell lines grown under recommended conditions ( Fig. 4 and Supplementary Fig. 7 ). 
A r t i c l e s
Hierarchical clustering grouped peptides with similar activity profiles across the cell lines (Fig. 4a) , identifying marked differences in core pathway activation states. The MCF7 breast cancer cell line, for example, demonstrated uniquely and surprisingly high levels of PKA activity (Fig. 4b) , which was confirmed by a specific PKA inhibitor peptide (Supplementary Fig. 8 ). This observation is consistent with a report that compared normal (MCF10A) and tumor (MCF7) cell lines 16 . The U-87 MG glioblastoma cell line had between 3-and 20-fold higher basal phosphorylation of the Aktselective peptide, A3, compared to any other cell line in the panel. U-87 MG bears a frameshift mutation in PTEN 17 , which leads to elevated phosphatidylinositol 3,4,5-triphosphate levels and hyperactivation of Akt. The PTEN-deficient Jurkat T-lymphocyte cell line 18 also showed high A3 phosphorylation, which was confirmed by western blot analysis (Fig. 4c) . Moreover, Jurkat cells displayed upregulated Tyr kinase activities and the tyrosine-phosphorylated peptides clustered into at least three different groups (Fig. 4a,b) , demonstrating the detection of multiple activated tyrosine kinase pathways. Agreement between kinase activity and gene mutation in the Ras/MAPK pathway is discussed further in Supplementary Note. We plan to obtain activity profile signatures for many hundreds of cell lines to both highlight the pathways most commonly mutated and predict appropriate pharmacological intervention. In these 11 cell lines, KAYAK profiling clearly demonstrated phosphorylation events and patterns specific to each cell line. Although we have only a general biological association for each cluster, the unique kinase activity signature for an individual cell line reflects key differences in either pathway activation or regulation.
Our interest in the PI3K pathway and cancer next led us to apply our single-reaction KAYAK strategy to examine a genetically modified mouse model in which KAYAK profiling reported the individual and net signaling effect of PTEN knockout and/or 3-phosphoinositidedependent protein kinase-1 (PDK1) knockdown, respectively (Supplementary Fig. 9 and Supplementary Note). Whereas PTEN deletion increased basal Akt activation, PDK1 knockdown did not.
In contrast, PKC-targeted peptide phosphorylation was selectively reduced by PDK1 knock down, but not by PTEN deletion.
To further explore kinase profiling in a clinical environment, we profiled human renal carcinoma patient specimens after radical nephrectomy. Matched tumor and control tissue were taken from five affected kidneys ( Supplementary Fig. 10 and Supplementary Note). All five tumor samples had greater PI3K activity than the control, as measured by activated Akt. However, RSK/extracellular signal-regulated kinase (ERK) pathway activation in tumor lysates varied, and patient number 4 demonstrated extremely high activities for both PKA and tyrosine kinases. We conclude that KAYAK profiling can be extended to clinical specimens and could thus aid patient-specific tailoring of kinase inhibitor therapies.
Analysis of kinase-inhibitor effects by KAYAK
Predicting the cellular effects of kinase inhibitors is challenging despite design efforts to achieve selective inhibition of a single target 2, 19 . To evaluate the activity profiles of commonly used kinase inhibitors, we treated HEK-293 cells with various reference compounds, and followed this with insulin stimulation and single-reaction KAYAK analysis using all 90 peptides ( Supplementary Fig. 11 ). This pharmacological study conclusively demonstrated that insulin-dependent activation of E11 was achieved through cross-talk of the PI3K and MAPK pathways in HEK-293 cells (Supplementary Note). This cross-talk is a cell line-specific effect that does not occur in, for example, HeLa cells (Fig. 3b) .
Due to the central role of the PI3K/Akt pathway in tumorigenesis, inhibitors of Akt may be useful in cancers that depend on PTEN loss or oncogenic PI3K mutations for survival 20, 21 . By the same token, PDK1 is being pursued as an anticancer drug target as it regulates the activity of numerous oncogenic kinases, including Akt, p70S6K and RSK 22 . To explore the potential of the single-reaction KAYAK strategy for use in drug discovery, we evaluated the activities of structurally diverse kinase inhibitors in cancer cell lines with deregulated PI3K pathway activity. Inhibitors were selected from the literature 22 identified from a focused kinase library screen 23, 24 to have affinity for PDK1 ( Supplementary Fig. 12a ). For comparison, a highly selective and allosteric Akt inhibitor 25 was included. Single-reaction KAYAK profiling identified profound differences in baseline pathway activities of the selected cancer cell lines, including two PTEN null prostate cancer cell lines, PC-3 and LNCaP (Fig. 5a) . Hierarchical clustering of the 90 peptides, which groups activities into kinase clusters (e.g., PKA, PKC and pTyr), revealed that PC-3 cells maintain approximately tenfold higher PKC and RSK/ERK pathway activities than LNCaP cells ( Fig. 5b; DMSO) . In contrast, basal Akt activity, as measured by phosphorylation of the A3 peptide, was similar for all three cell lines ( Fig. 5b; DMSO) . Thus, the A2780 ovarian cancer cell line, which expresses an activating PI3K mutation (E365K mutation of p110α) and a truncated PTEN protein (K128-R130 deletion), has elevated Akt activity levels comparable to the two PTEN null prostate cancer cell lines ( Fig. 5 ; LNCaP and PC3) and the PTEN-deficient U-87 MG and Jurkat cells (Fig. 4b) . This elevated Akt activity is tenfold higher than in cancer cell lines expressing wild-type PTEN (Fig. 4b) and highlights the large dynamic range and quantitative nature of the assay for cellular profiling studies.
Notably, PDK1 inhibitors were more effective at reducing Akt activity in PC-3 and A2780 cells than LNCaP cells (Fig. 5b) . This result is in accordance with western blot analysis ( Supplementary  Fig. 12c ). By contrast, the allosteric Akt inhibitor potently inhibited A3 phosphorylation in all cell lines tested (Fig. 5b) . Because PDK1 also phosphorylates the activation domain of RSK 15 , PDK1 inhibitors (but not the Akt inhibitor) greatly reduced RSK/ERK pathway activity as measured by the E11 peptide (Fig. 5b) , although there were potency differences. Western blot analysis confirmed the inhibition of RSK in cell lines treated with PDK1 inhibitors, with PDK1i-3 being the least potent (Supplementary Fig. 12c) . Indeed, hierarchical clustering further highlights these differences (Fig. 5c) . In LNCaP cells, for example, the Akt inhibitor did not cluster with any treatments as it was uniquely potent at inhibiting Akt activity compared to the PDK1 inhibitors, which clustered together. On the other hand, in PC-3 cells, the Akt inhibitor clustered with the two most potent and structurally similar PDK1 inhibitors (PDK1i-2 and PDK1i-4) consistent with potent inhibition of Akt in this cell line ( Fig. 5c and Supplementary  Fig. 12a) . Interestingly, one compound (PDK1i-1) showed strong inhibition of multiple pathways, including the PKA and PKC kinase clusters. We conclude that KAYAK profiling can indicate the cellular specificity of kinase inhibitors, guiding lead optimization of selective compounds targeting a specific pathway.
An activity-based kinase identification strategy
It is often highly desirable to identify the kinase responsible for a particular phosphorylation event. Although purified kinases provide a good starting point (Supplementary Fig. 1 ), testing the ~500 kinases in the human genome 26 is not practical and also fails to capture the cellular context of these enzymes. To address this issue, we developed a biochemical strategy to use single-reaction KAYAK profiling to identify the kinase responsible for phosphorylating a peptide substrate. A lysate of interest is first fractionated by column chromatography (Supplementary Fig. 13) , and an activity profile for each fraction is determined. In parallel, an aliquot of each fraction is digested with trypsin and analyzed by LC-tandem MS (MS/MS) to identify and assess the abundance of thousands of proteins, providing a protein profile for each fraction. Correlation of the activity and kinase abundance profiles across active fractions is then used to pinpoint the responsible kinase.
We elected to validate the methodology by identifying a mitotic kinase activity from HeLa cells. Figure 6a shows a heat map of the kinase activities from three different HeLa cell lysates: asynchronous, G1/S-phase arrested, or G2/M-phase arrested. Hierarchical clustering revealed differences in many activities including some mitosis-specific ones. Seven peptides sharing a common motif of [S/T]-Pro and clear upregulation by G2/M arrest ( Fig. 6b and Supplementary Fig. 14a ) were selected for correlation profiling experiments to identify the responsible kinase. We separated lysate from nocodazole-arrested HeLa cells by high-resolution anion exchange chromatography, and collected the flow-through and 36 fractions (Fig. 6c) before assessing the activity profile for each peptide (Fig. 6d) . Strikingly, all seven peptides demonstrated the identical pattern of normalized phosphorylation rates, suggesting that a single kinase was responsible for their phosphorylation. Trypsin digestion and shotgun sequencing of each fraction by LC-MS/MS identified 3,933 proteins, including 114 kinases (Supplementary Fig. 14c ). The correlation profile for all proteins was assessed based on normalized spectral counting 
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Akti Fig. 12 for compound information). Kinase activities were profiled using 10 µg of each cell lysate and 90 KAYAK peptides. The phosphorylation rates for 54 observed peptides were normalized to the highest value for that peptide followed by hierarchical cluster analysis. A r t i c l e s (Online Methods). Calculating the Pearson correlation coefficient between kinase activity and protein amount in the active fractions ( Supplementary Fig. 15 ), we found Cdc2 as the best-ranked kinase and 8th overall among 3,933 proteins ( Fig. 6e and Supplementary  Fig. 16 ). Protein quantification of Cdc2 showed two major peaks with the second correlating with the kinase activity profile (Fig. 6e) . Notably, this second peak also showed an excellent correlation profile with Cyclin B1, which ranked 5th overall among all proteins and is required for Cdc2 activity 27, 28 . Western blot analysis confirmed the MS-based results (Supplementary Fig. 17 ). Moreover, purified Cdc2/Cyclin B1 complex phosphorylated all seven peptides along with four other upregulated peptides (Fig. 6f) . Finally, immunodepletion using anti-Cyclin B1 removed >88% of kinase activity for all seven upregulated peptides (Supplementary Fig. 18 ). These experiments identified Cdc2 as the most likely kinase and Cyclin B1 as an active complex member for the phosphorylation of these seven peptides. One peptide (A6) is predicted to be an ERK and p38 MAPK target using Scansite 29 .
As a further example, we applied activity-based correlation profiling to identify two additional activities from Jurkat cells. PRKAA1 (also known as AMPK1) phosphorylated E5 in Jurkat cell lysates (Supplementary Fig. 19) , and the tyrosine kinase Lck phosphorylated D11 (Supplementary Fig. 20 and Supplementary Note).
DISCUSSION
Chemically synthesized peptides of optimized sequence have been used for more than 30 years as in vitro phosphorylation substrates using both purified kinases and cell lysates [30] [31] [32] . Our single-reaction KAYAK strategy simultaneously measures 90 peptide-based phosphorylation rates using high-resolution MS. We selected substrate peptides from optimized targets or from uncharacterized sites on interesting proteins 9 to encompass diverse signaling pathways and enhanced measurement accuracy by using stable isotope-labeled internal standards. The purified peptides used in single-reaction KAYAK profiling ensure absolute quantification of activities that are linear over several logs of lysate amounts. The approach also partially addresses the kinase-specificity problem inevitably associated with peptide-based measurements (Supplementary Note). Finally, based on the many cellular settings investigated, the assay appears to faithfully and simultaneously report the core activation states for many pathways, including the PI3K and MAPK pathways, which are most frequently altered in cancer.
Compared to other strategies, the KAYAK strategy 9 has several advantages. First, KAYAK directly monitors kinase enzymatic activities, thereby averting the need for an activity-indicating antibody. Although commonly used, phosphorylation-activity relationships are known to be far from ideal. Moreover, activation-state phosphoantibodies are not available for many kinases. Second, single-reaction KAYAK measures the intrinsic activity of multiple kinases reflecting the complex cellular context. Although high-throughput kinase assays using large kinase panels are becoming feasible 33 , those approaches often use truncated or recombinant purified enzymes, which may not reflect the actual conformational or kinase activity state as they appear in cells. Third, KAYAK has high sensitivity owing to the signal-amplifying nature of enzymatic reactions. Using our single-reaction KAYAK strategy with 20-fold lower peptide concentrations than used previously 9 , two KAYAK peptides showed detectable phosphorylation from as little as 1 ng of cell lysate, which corresponds near single-cell levels ( Fig. 2a and Supplementary Fig. 2) . The sensitivity of the single-reaction KAYAK approach permits very low sample consumption. Practically, 10-20 µg of cell lysate produce reliable signals for about 50 simultaneous peptide reactions (Fig. 2a) . Fourth, the approach measures site-specific phosphorylation rates. Commonly, additional phosphorylatable residues are available 34 . As the internal standard peptides were synthesized with phosphorylation at known positions, the co-elution of lysate-phosphorylated peptides and the standard phosphopeptides in conjunction with fragmentation sequencing ensures that site-specific phosphorylation is measured. This is not accomplished by any alternative method. Fifth, single-reaction KAYAK is highly quantitative, with exceptional reproducibility (Supplementary Figs. 3 and 4) . Internal standards of heavy peptides, which are added upon quenching the kinase reaction, cancel any downstream sample manipulation and measurement variations and provide the basis for absolute activity measurements (that is, fmol phosphorylation/µg lysate/min). Western blot analysis does not offer a similar level of quantitative quality. Sixth, the assay and protocol can be applied across a wide range of cellular settings, including recombinant purified enzymes (Supplementary Fig. 1 ), cell line lysates (Figs. 3-5) , mouse primary tissue cultures (Supplementary Fig. 9 ) and clinical tissue samples ( Supplementary  Fig. 10 ). Seventh, KAYAK is radio-isotope free. Finally, singlereaction KAYAK is flexible in terms of substrate concentration and peptide number. We believe that the single-reaction KAYAK protocol could exploit >90 peptides by using shallower gradients during LC-MS analyses. However, our current focus is to remove redundant or less useful peptides while adding peptides that are monospecific for underreported kinases and pathways. Single-reaction KAYAK is not without disadvantages. As it is based on an in vitro kinase assay, the current implementation does not measure kinase activities within an intact cell. Moreover, owing to its peptide-based nature, the activity of a kinase that requires a conformational substrate may not be suitably monitored. Finally, the specificities of many kinases toward a peptide substrate may not be unique even at the 5 µM level. Therefore, some peptides may still be phosphorylated by more than one kinase, which complicates pathway identification.
Although in vitro phosphorylation using purified kinases (Supplementary Fig. 1 ) cataloged likely kinase candidates for many phosphorylation events, identification of the responsible kinase directly from cell lysates confirms the physiological relevance of the kinase-substrate pairs. Whereas identifying a phosphorylation event using a specific kinase is relatively straightforward 35 , developing a general methodology to identify a kinase responsible for a specific phosphorylation event is far more challenging [36] [37] [38] [39] . A series of chemical reagents that can cross-link a kinase and its substrate may meet this need, but the reagents have not been shown to work in complex situations, such as those involving cell lysates 40, 41 . Although traditionally, identification of a responsible enzyme for a specific activity has been accomplished by comparing enzymatic activity and a protein band after SDS-PAGE gel separation, this correlation requires multiple purification steps. Owing to the advancement of protein quantification by MS 42 , correlation profiles have been used to determine protein localization by MS [43] [44] [45] . This has renewed interest in applying modern quantitative proteomics using the classic concept of comparing enzyme activities and protein profiles. Our strategy is a general methodology to decipher kinase-substrate relationships starting with a phosphorylated peptide substrate and a minimally fractionated lysate.
Phosphoproteomics projects have delivered atlases of experimentally mapped phosphorylation sites 10, 11, [46] [47] [48] [49] [50] . Yet, many phosphorylation sites and/or motifs have not been associated with a kinase and may be referred to as "orphan" 41 . Indeed, during this proof-of-concept study, we found that one unpredicted peptide was phosphorylated by Cdc2/Cyclin B1 complex in a specific cellular context. Although a fraction of these sites may be phosphorylated in the context of the appropriate three-dimensional protein fold, most would be expected to be phosphorylated with a high degree of specificity owing to primary sequence determinants. We predict that the combination of activity profiles and protein correlation profiling will bridge the gap between large-scale phosphoproteomics efforts to characterize phosphorylation events and better insight into their biological context and function.
Although considerable challenges remain, the single-reaction KAYAK strategy has the potential to impact kinase-based therapies on many levels. KAYAK profiles might influence a lead compound decision at an early phase by revealing off-target effects or potency differences in highly related molecules or suggest a tractable biomarker of drug efficacy needed in clinical trials. Finally, single-reaction KAYAK profiles could enable physicians to tailor drug choice or dosing to address the aberrant signaling events underlying a patient's particular pathology.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturebiotechnology/.
Accession code. Raw data files corresponding to the data shown in Figure 3 are available at the Tranche website (https://proteomecom mons.org/tranche/about.jsp).
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ONLINE METHODS
Materials.
Purified human active kinases of Akt1 (full length), SGK1 (full length), extracellular signal-regulated kinase 1 (ERK1), mitogen-activated protein kinase kinase 1 (MEK1), 90 kDa ribosomal S6 kinases 1 (RSK1), p70 S6 Kinase (S6K, full length), PKA catalytic subunit-α (PKA Cα), protein kinase Cα (PKCα, full length), epidermal growth factor (EGF) receptor (EGFR), plateletderived growth factor (PDGF) receptor α (PDGFRα), vascular endothelial growth factor (VEGF) receptor 1 (VEGFR1), Src (full length), casein kinase 2 (CK2, full length), Aurora A, AMP-activated protein kinase α1β1γ1 (AMPK α1β1γ1, all full length), glycogen synthase kinase-3α (GSK-3α), MAP/microtubule affinity-regulating kinase 1 (MARK1, full length) and Lck (full length) were obtained from Cell Signaling Technology. Cdc2/Cyclin B1 (full length) and insulin-like growth factor (IGF)-I receptor (IGFIR) were obtained from Upstate.
Anti-phospho-tyrosine (P-Tyr-100), anti-EGF receptor, anti-phospho-EGF receptor (Y1086), anti-Akt, anti-phospho-Akt (S473), anti-Erk1/2, anti-phospho-ERK1/2 (T202/Y204), anti-S6 ribosomal protein, antiphospho-S6 ribosomal protein (S235/S236), anti-actin, anti-cyclin B1, anti-cdc2, anti-phospho-PKA substrate (100G7E), anti-phospho VASP (S157), antiphospho-(Ser) PKC substrate, anti-phospho-PKA C (T197) anti-phospho PKC (βII S660), anti-phospho-Src family (Y394 in Lck), anti-Lck, and anti-AMPKα were obtained from Cell Signaling Technology. Horseradish peroxidase (HRP)-linked anti-rabbit and anti-mouse IgG antibodies were obtained from GE Healthcare. For immunodepletion experiments, normal rabbit IgGagarose, anti-cdc2-agarose and anti-cyclin B1-agarose were obtained from Santa Cruz Biotechnology.
Cell culture. HEK-293 (embryonic kidney), HeLa (cervical cancer), U-87 MG (glioma), HT-1080 (fibrosarcoma), DU 145 (prostate cancer), LNCaP (prostate cancer), BJ (foreskin fibroblast) and A2780 (ovarian cancer) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS. MCF7 (breast cancer) cells were maintained in DMEM with 10% FBS and 0.01 mg/ml bovine insulin. T-47D (breast cancer) cells were maintained in RPMI-1640 medium with 10% FBS and 0.2 U/ml bovine insulin. PC-3 (prostate cancer) cells were maintained in F-12K medium with 10% FBS. U-2 OS (osteocarcinoma) cells were maintained in McCoy's 5a medium with 10% FBS. Jurkat (human T lymphocyte) cells were maintained in RPMI1640 medium with 10% FBS. SUM-159 (breast cancer) cells were maintained in Ham's F-12 medium with 10% FBS, 5 µg/ml bovine insulin and 1 µg/ml hydrocortisone. All cell lines were obtained from ATCC or from laboratories within our department.
For stimulation of HEK-293 cells or HeLa lines, cells were treated with insulin (100 nM; 30 min) EGF (50 ng/ml; 10 min) or PMA (100 ng/ml; 30 min) after overnight serum starvation.
For inhibitor experiments, HEK-293 cells were treated with 100 nM Wortmannin (PI3K inhibitor), 5 µM U0126 (MEK inhibitor), 25 nM rapamycin (mTORC1 inhibitor), 1 µM Akt inhibitor VIII, 10 µM SB 203580 (p38 MAPK inhibitor) or 1 µM Go6983 (PKC inhibitor) for 30 min after overnight serum starvation, and stimulated with 100 nM insulin for 30 min.
For inhibitor experiments using PC-3 cells, cells were cultured in F-12K medium supplemented with 10% FBS, and LNCaP and A2780 lines cells were cultured in RPMI-1640 medium supplemented with 10% FBS. At 80% confluence, cells were treated for 2 h with DMSO, 10 µM allosteric dual Akt1/2 inhibitor, Akti-1 25 or 30 µM PDK1 inhibitors 22 and lysed. The structures of the PDK1 inhibitors are shown in Supplementary Figure 12a .
For cells from genetically modified mice, all animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) at Merck & Co. and conducted according to IACUC guidelines. Mammary epithelial cells were isolated from the mammary gland of virgin female mice 10 d after tamoxifeninduced PTEN deletion. Ex vivo organ cultures were plated on collagen Icoated dishes in F12 medium supplemented with 5% FBS, 10 µg/ml insulin, 5 ng/ml murine EGF, 1 µg/ml hydrocortisone, 100 ng/ml cholera toxin, 5 µg/ml linoleic acid, 1 µg/ml progesterone, 100 U/ml penicillin, 100 µg/ml streptomycin and 50 µg/ml gentamicin. Cultures from doxycycline (Dox)-treated animals were propagated for 3 d in the presence of 2 µg/ml Dox to maintain PDK1 knockdown before lysis 51 .
For cell cycle experiments, HeLa cells were synchronized by double thymidine block for G1/S-arrest and by 0.2 µg/ml nocodazole for G2/M-arrest as described 49 . Synchronization was confirmed by flow cytometry.
Cell lysis. Cells were washed with PBS once and lysed with ice-cold lysis buffer (10 mM potassium phosphate, pH 7.0, containing 0.5% NP-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1 mM EDTA (EDTA), 5 mM ethylene glycol tetraacetic acid (EGTA), 10 mM MgCl 2 , 50 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 2 mM dithiothreitol (DTT) and protease inhibitor cocktail (Complete, Roche Applied Science)). Homogenates were centrifuged at 10,000 r.p.m. for 15 min at 4 °C, and the supernatant was used as lysate. Protein concentration was quantified by a modified Bradford assay (PIERCE). Cell lysates was aliquoted and quickly frozen by liquid nitrogen and stored at −80 °C until use. The number of freeze-thaw cycles was strictly monitored, and thus, all measurements in this manuscript are from lysates frozen and thawed once before kinase reaction.
Preparation of the renal cell carcinoma tissue homogenates. All renal cell carcinoma (RCC) and normal kidney specimens were obtained from an Institutional Review Board (IRB)-approved genitourinary oncology tumor bank at Massachusetts General Hospital. By protocol, all tumor and normal tissue specimens were harvested immediately after radical nephrectomy and frozen at −80 °C. Five specimens from patients with nonmetastatic clear cell renal cell carcinoma were selected at random from the tissue bank. Small pieces of normal and tumor parts from the same patient were weighed and homogenized separately in 9 volumes of ice-cold lysis buffer with Dounce homogenizer. The homogenate was centrifuged and protein amounts determined as described above.
Anion exchange chromatography. All purification steps were conducted at 4 °C. HeLa cell lysate arrested in G2/M phase (8 mg) or Jurkat cell lysate (20 mg) were dialyzed against AEX buffer (20 mM HEPES, pH 7.5, containing 0.5% NP-40, 0.1% Brij 35, 0.1% deoxycholic acid, 1 mM EGTA, 5 mM MgCl 2 , 5 mM β-glycerophosphate, 0.1 mM Na 3 VO 4 , 0.1 mM DTT, protease inhibitor cocktail and 20% glycerol). The dialyzed sample was centrifuged, the supernatant was loaded onto an anion exchange column (Mono Q 5/50 GL, GE Healthcare), and proteins were eluted into 36 fractions (1 ml ea) for HeLa cell lysate separation or 45 fractions (0.5 ml ea) for Jurkat cell lysate separation with a gradient of 0-0.5 M NaCl in AEX buffer. Thirty microliters from the flow through and 36 or 45 fractions were subjected to KAYAK profiling using a subset of the 90 peptides. An aliquot (200 µl) of each fraction was also reserved for LC-MS/MS analyses (protein identification and quantification).
KAYAK. Peptides were synthesized, purified and quantified, as described 9 . Peptide sequence information is found in Supplementary Table 1 and provided as Excel format in Supplementary Data. Each substrate peptide (250 pmol) was mixed to a final concentration of 5 µM in the 50 µl reaction mixture except as otherwise described. For inhibition of PKA, PKI (6-22) amide (BIOMOL) was used at a final concentration of 5 µM 52 . Cell lysate or other kinase source was added to the substrate mixture in 25 mM Tris-Cl, pH 7.5, containing 5 mM ATP, 7.5 mM MgCl 2 , 0.2 mM EGTA, 7.5 mM β-glycerophosphate, 0.1 mM Na 3 VO 4 and 0.1 mM DTT. After incubating at 20 °C for 45 min, kinase reactions were stopped with 100 µl of 1% Trifluoroacetic acid (TFA).
For individual KAYAK experiments, the same reaction conditions were used except each reaction contained a single peptide. After stopping these reactions, 24 reactions were mixed and subjected to the same procedure as the singlereaction version containing 90 peptides.
Internal standard heavy peptides (5 pmol each) were added as a mixture to the terminated reactions followed by desalting with a solid phase extraction cartridge (SepPak tC18 (50 mg), Waters). Phosphopeptides were enriched basically as described 53 . In brief, desalted peptide mixtures were dried down in a centrifuge evaporator and mixed with 15 µl of IMAC resin (PHOS-Select, Sigma) pre-equilibrated with 25 mM formic acid containing 40% acetonitrile. After incubating at 20 °C for 1 h, the suspension was transferred to the top of a StageTip 54 packed with Empore disk C18 (3M). The resin was washed twice with 25 mM formic acid containing 40% acetonitrile and once with 0.1% TFA, and bound phosphopeptides were eluted from the resin to the Empore disk with three washes of 500 mM potassium phosphate, pH 7.0. The Empore disk was washed once with 0.1% TFA and 1% formic acid. Purified phosphopeptides were eluted with 1% acetic acid containing 50% acetonitrile.
In solution digestion of protein in AEX fractions. Proteins contained in 200 µl of each fraction were precipitated with methanol/chloroform 55 after adding 500 fmol BSA as an internal standard. Precipitates were washed with ice-cold acetone and dissolved in 50 mM Tris-Cl, pH 7.5, containing 8 M urea, 50 mM EDTA and 0.005% n-dodecyl β-D-maltoside (DM). Proteins were reduced with 10 mM DTT at 37 °C for 20 min and alkylated with 20 mM iodoacetamide at 20 °C for 20 min in the dark. After diluting urea concentration to 1 M with 50 mM Tris-Cl, pH 7.5, containing 0.005% DM, trypsin was added to a final concentration of 5 ng/µl, and proteins were digested in solution at 37 °C for 12 h. Reaction was stopped with formic acid, and the resultant peptides were desalted with StageTips 54 .
LC-MS and LC-MS/MS.
For KAYAK analyses, phosphopeptides were dissolved in 5% formic acid and injected onto a 125-µm-internal diameter fused silica column packed with Magic C18 AQ material (Michrom Bioresources). Peptides were separated using a two-solvent system: solvent A (0.125% formic acid and 3% acetonitrile in H 2 O), solvent B (0.125% formic acid in acetonitrile) over 32 min gradient, and eluting peptides were directly analyzed using an LTQOrbitrap mass spectrometer (Thermo Scientific) equipped with the electron transfer dissociation option. Data were collected such that one survey scan in Orbitrap (400-900 m/z full MS; 60,000 resolution setting; AGC setting of 10 6 ; ion fill time maximum of 1 s). If localization of phosphorylation site was uncertain, MS/MS scans in the liner ion trap using collision-induced dissociation and/or electron transfer dissociation were collected. Precursor ions were chosen for sequencing based on mass lists containing predicted m/z values for each light and heavy phosphopeptide (tolerance of ± 5 p.p.m.). Following analysis, extracted ion chromatograms were drawn from the high-resolution survey scan with ± 10 p.p.m. mass accuracy, and the product amount was quantified from the ratio of the areas under the curve ratio of the light to the heavy phosphopeptide. Heavy and light pairs were required to perfectly co-elute. Measurements where the peak height was <10 4 counts or peak areas <1% of the internal standard (50 fmol) were regarded as not detected. All KAYAK data are provided in Supplementary Data.
For shotgun sequencing experiments of digested AEX fractions, peptides were redissolved with 5% formic acid containing 5% acetonitrile. LC conditions were the same as described except a 50-min gradient was used. The LTQOrbitrap was operated in the data-dependent mode with dynamic exclusion (30 s), where the high-resolution survey scan was followed by ten MS/MS scans collected in the linear ion trap on the ten most abundant precursor ions, as described previously 56 . The obtained MS/MS data were searched against the IPI human database 57 using the SEQUEST algorithm 58 . Peptides were filtered using Xcorr, ∆Corr, mass accuracy and peptide length with in-house software to a false discovery rate of <1% at the peptide level by the targetdecoy approach 59 . Protein amounts in each fraction were estimated by spectral counting normalized by the count of internal standard (BSA) peptides.
To assess the correlation between protein amount and kinase activity, a Pearson product-moment correlation coefficient was calculated for each protein comparing a given kinase activity and protein abundance estimate across all fractions containing at least 5% of the kinase activity in the most active fraction. Examples of calculation in the case of HeLa cells arrested by nocodazole are shown in Supplementary Figure 15 . Gene symbols of kinases were adopted from the updated gene symbol lists (http://kinase.com/), as described 26 . All correlation profile data are provided in Supplementary Data.
Immunodepletion. The cell lysates were diluted to 1 mg/ml and 300 µg of the diluted lysates were immunodepleted with three rounds of gentle mixture with 20 µl of antibody-agarose suspension at 4 °C for 2 h, 4 h and 12 h, respectively.
